Utilization of soil fractions recovered from disaster debris as geomaterials was highly desirable after the 2011 East Japan earthquake and tsunami because the soil fraction accounted for a third of the approximately 30 million-ton disaster debris and tsunami deposits. Because the quality of recovered soils varied according to treatment systems at each site, as well as the characteristics of original soils, clarification of material properties of recovered soils is important for future catastrophic disaster. In this paper, generation and treatment of disaster debris are briefly summarized. A total of 404 data items, which were obtained in Iwate Prefecture, were analyzed to verify the properties of the recovered soils in relation to the treatment methods. A series of analyses indicated that the soil fractions recovered from disaster debris have quality equivalent to general geomaterials.
INTRODUCTION
Management of the wastes and debris generated at catastrophic natural disasters is one of the important considerations for disaster recovery. The 2011 earthquake off the Pacific coast of Tohoku has caused several significant problems regarding disaster waste management, and many of them have been solved due to the efforts provided by many governmental and private institutions and individuals. The basic concept of disaster waste management was to separate wastes based on the materials, to reuse the separated fractions, and to minimize the landfills. There were numerous challenges, experiences, and lessons learned through these disaster waste management initiatives, which have been summarized by the national government to utilize them for future disasters 1) . The disaster debris and tsunami deposits included a significant amount of soil fractions. Utilization of treated disaster debris, in particular recovered soils, in recovery works was strongly expected, because recovery works were considered to require a large amount of soil materials for reconstruction. However, the use of recovered soils in recovery works was temporarily stopped in the early stage (e.g., in 2011 and 2012). It was probably because knowledge and experiences were limited since such a large amount of soil-waste mixtures had never been subjected for consideration in Japan before, and because proper allocation of the materials had never been discussed. Numerous efforts were therefore made by many institutions to overcome such negative understanding and to promote utilizations. For example, national and local governments published technical guidelines on the use of such recovered materials. An academic society, The Japanese Geotechnical Society (JGS), conducted a series of round-robin experiments on the separated materials so as to contribute to establishing the technical guideline by the Iwate Prefecture. JGS also published "recommendations" and its original guideline on the use of recovered materials. This paper aims to summarize these efforts. First, the status of generation and treatment of disaster wastes is summarized. Second, the material properties of recovered soils are briefly analyzed. Third, technical efforts to promote the use of recovered soils in reconstruction works are summarized.
GENERATION AND TREATMENT OF DISASTER DEBRIS (1) Generation
An earthquake of magnitude 9.03 Mw, referred to as the 2011 earthquake off the Pacific coast of Tohoku, occurred at 14:46 on March 11, 2011. It was one of the five most powerful earthquakes in the world since modern record-keeping started. The earthquake triggered a tsunami that reached heights of up to 40.5 m at maximum in Miyako City, Iwate Prefecture, and traveled up to 10 km inland in the Sendai plane in Miyagi Prefecture.
Immediately after the 2011 earthquake off the Pacific coast of Tohoku and subsequent tsunami, the government estimated that approximately 20,000 Gg (20,000,000 ton) of disaster debris and 10,000 Gg of tsunami deposit had been generated through this disaster mostly in Iwate, Miyagi, and Fukushima Prefectures. Tsunami deposits are the soils transported by the tsunami and, similarly to other disaster debris, they also require proper treatment. The magnitude of disaster debris generation was comparable to previous catastrophic disasters such as the 2010 Haiti earthquake, 2008 Sichuan earthquake in China, etc., as summarized by Brown et al. 2) . It was geographically and economically unrealistic to construct new landfill sites with sufficient capacities to accept these wastes, since their amounts were several times larger than those of the annually generated municipal solid wastes in each local municipality. For example, disaster debris generation in Iwate Prefecture corresponded to 12-year municipal solid waste (MSW) generation in the whole prefecture. In a more severe case, in Rikuzentakata City, Iwate Prefecture, it corresponded to 280-year local MSW generation. Reuse of these materials was, therefore, required. The national government decided that proper treatment and utilization of debris and tsunami deposits should be completed by 2014 March 3), 4) . Treatment of the disaster wastes generated by this earthquake has been a big challenge, since such a large amount of mixed wastes had never been generated in Japan before. A significant fraction of these wastes corresponded to tsunami deposit soils. Fig. 1 shows the fractions of generated waste materials in Iwate, Miyagi, and Fukushima Prefectures 5) .
(2) Overview of the treatment
The national government decided to complete disaster waste treatment within three years through a national subsidy. While the detailed processes of . disaster debris treatment vary by municipality, a common system can be illustrated in Fig. 2 . First, the debris was cleared from the affected sites, collected, and transported to primary storage sites, which reached more than 300 sites at their peak. At the primary storage sites, wastes were stockpiled depending on the separation upon collection, such as waste mixtures dominant with burnable materials (e.g., collapsed wooden houses), concrete-dominant stockpiles, tatami mat dominant stockpiles, soil-dominant stockpiles, etc. Only rough separation, such as separation using operation vehicles and manual separation, was conducted. After the rough separation, an "advanced treatment" was conducted at the secondary storage and treatment sites, which were set at one or two sites per municipality (approximately 30 sites in Miyagi and Iwate Prefectures). This "advanced treatment" can also be called "mechanical treatment" because various mechanical equipment and/or machineries were installed. It can also be called "advanced separation" because most of the systems installed in each municipality resulted in the separation. "Separation" systems mostly consisted of several processes of "crushing" and "separating," as shown in Fig. 3 . The basic idea of the separation system was to separate mixed wastes into fractions based on the substances, such as burnable materials, unburnable materials, metals, etc. As for the soil-dominant stockpiles which were mainly collections of tsunami deposits, only sieving (separation using sieve) was mostly conducted to separate soils from the wastes. The "advanced treatment" system varied from site to site, depending on the different given conditions of the materials to be treated (amount of disaster debris generation, primary separation and storage, type of original soil, etc.), site environment (area limitation, air pollution risks, number of primary storage sites, etc.), and local resources (waste incinerators, cement plants, etc.). One example of these "advanced treatment" systems is illustrated in Fig. 4 , in which three "separation" processes using sieving machines (vibrating screen, 35-mm-opening rotating screen, .
Manual separation using heavy machines
Vibration screen Rotation screen
Crushing machine Manual separation by hand Fig.3 Examples of separation and crushing processes 6) . . and 15-mm-opening rotating screen), one "crushing" process, and three "separation" processes using manual separation, and two "separation" processes using special machines to separate burnable fractions from waste mixtures. The materials obtained from the advanced separation process were distributed for (1) incineration treatment in existing incineration plants, (2) incineration using temporary plants, (3) secondary storage, (4) utilization, (5) landfill, or (6) use for cement manufacturing, as shown in Fig. 2 . Since the capacity of the existing incineration plants in the local areas was limited, temporary incineration plants were installed in the treatment sites of each municipality in Miyagi Prefecture. Discussion was made on the utilization, in geotechnical application, of incinerator ashes discharged from these temporary plants 7) . In Iwate Prefecture, disaster wastes after advanced separation were used as raw materials or energy sources at the cement factories existing in the coastal area. One of these cement factories was damaged by tsunami, recovered in several months, and started to produce cement using disaster debris-treated materials in November 2011 after some cement production trials. As for the separated soils, or recovered soils, most of them were utilized in reconstruction works.
The state of the progress of disaster waste treatment is presented in Fig. 5 . Here, tsunami deposit is differentiated from other wastes partly because, right after the earthquake, a decision on which governmental section would take responsibility for the treatment had not been yet decided. Note that the x-axis starts from July 2012, while the disaster occurred March 2011. "Completion of treatment" corresponds to the "advanced separation" stage indicated in Fig. 2 . This "advanced separation" was completed in three years (by March 2014) in most places except for some in Fukushima Prefecture due to the high concentration of nuclides caused by the Fukushima Daiichi Nuclear Power Station accident. State of the progress varied from municipality to municipality depending on several given conditions. Extreme efforts were required in some municipalities to complete disaster debris treatment by March 2014. The progress on the treatment of tsunami deposits was slower than that of disaster debris because it was likely that tsunami deposits were treated after the application of treated materials was decided, or because they were stored at the temporary storage sites before the utilization. . 
BASIC POLICIES FOR UTILIZATION OF RECOVERED SOILS
At the affected areas, recovery works were conducted. In particular, countermeasures against ground subsidence and future anticipated tsunami were important considerations, because ground subsidence occurred due to the earthquake. For example, maximum lateral and vertical movements were recorded at 5.3 m and -1.2 m, respectively, at Oshika Peninsula in Miyagi Prefecture. Many other places along the Pacific coast at Iwate, Miyagi, and Fukushima Prefectures suffered more than 0.5 m ground subsidence 8) . Embankment was therefore necessary for the recovery both for residential, commercial, and green areas. Utilization of the materials treated from the disaster wastes and tsunami deposits had strongly been expected. In particular, the geotechnical utilization of the soil fraction in disaster debris and tsunami deposits has become a big challenge for geotechnical engineers since temporal and spatial variations in the geotechnical properties of waste-mixed soils or recovered soils should be considered if a large amount of these soils are used for constructing embankments and levees against tsunami in reconstruction projects.
Utilization of treated disaster debris in recovery works has been an important consideration since the disaster. The Ministry of the Environment (2012) presented the requirements for utilization, namely (1) materials after necessary treatment, (2) materials free from non-toxic chemicals, (3) materials without environmental concerns, (4) utilization in public works, (5) materials satisfying the criteria required for structures, and (6) necessary tracing conducted 9) . To promote the utilization of treated disaster debris in recovery works, the Ministry of Land, Infrastructure, Transports and Tourism (MLIT) established two technical guidelines to construct (1) parks and green spaces as redundancy zones against tsunamis in which embankments must be constructed using disaster wastes, and (2) fill embankments at the areas where ground subsidence occurred significantly due to the earthquake 10), 11) . It was proved that green areas had a positive effect on reducing the energy of tsunami and trapping the flowing obstacles such as cars, while some trees did not have sufficient root depth, which resulted in insufficient resistance against tsunami. Therefore, embankment construction for green areas has been considered advantageous to provide a sufficient distance from groundwater table to the ground surface. The Forestry Agency has also established a document for the use of treated materials in embankments of seaside forests 12) . The material criteria proposed by the above guideline are shown in Table 1 . There have been several discussions about these criteria. As for the salt content, to prevent the corrosion of underground steel materials, such as steel piles, and adverse impact on vegetation, a salt content lower than 1 mg/g is generally required. However, this technical guideline might consider the situation to construct embankments at the tsunami-affected areas, in which the salt concentration may already be high because they are located close to the ocean, although significant portion of the materials such as tsunami deposits may exceed this criteria of salt content as shown in Fig. 6 indicating the results of salt content of tsunami deposits 13) . It was anticipated that the strict application of this criteria might limit the utilization of materials. Therefore, this technical guideline also covers the utilization of the materials having a salt content higher than 1 mg/g.
Another concern of such materials is the potential of degradability, which may cause the generation of gas and leachate and ground settlement. In the field of waste management engineering, ignition loss has been normally used to evaluate the degradability. However, the ignition loss is not only reflected by degradable materials, but also by other components such as hydration products and organic components naturally contained in the original soil.
As summarized in Table 2 , the definition of ignition loss varies by areas, although the Japan Society of Material Cycles and Waste Management suggested the ignition loss at 600±25°C of 5% as a criterion for utilization of tsunami deposit. Since this . 15) . It is therefore required to establish comprehensive criteria to evaluate the intactness of materials.
CHARACTERIZATION OF RECOV-ERED SOILS
(1) Classification of recovered soils Several preliminary studies (e.g., Morita et al. 16) ) found that soil-waste mixture and recovered soils vary on their properties. Evaluation of site-specific properties of such recovered soils was necessary for the following reasons: -Original soils vary site by site. Soil-waste mixtures with clayey soils may be more difficult to be separated than those with sandy soils, and more wooden fractions may remain in recovered soils. -Disaster debris also varies site by site. Not only original materials and their fractions of debris are different, but also the way to be transported and stored in stockpiles may also be different, which may affect the properties of the separated materials. -Treatment methods vary also site by site, depending on the technical proposals by the companies engaged in the disaster waste management in each municipality. This variation may also affect the properties of the separated materials, in cluding recovered soils. The above aspects can be summarized in Fig. 7 . The Japanese Geotechnical Society (JGS) Geoenvironmental Technical Committee on the 2011 East Japan Earthquake and Tsunami conducted a series of
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Relations between original materials and materials at temporary stockpiles after separation 6) . 17) and to contribute to the recovery works. The conducted experiments included basic properties (waste composition), physical properties (particle density, grain size distribution, liquid and plastic limits), chemical properties (ignition loss, pH, electrical conductivity, chloride concentration (salinity), total organic carbon, and potential of sulphide formation), and geotechnical properties (compaction, cone index, CBR, and soaking). The results are presented in Okawara et al. 18) . In "Guideline for Utilization of Treated Wastes for the Recovery Works" published by Iwate Prefecture, "recovered soils" are categorized into three classes, namely, "Recovered Soil Class A," "Recovered Soil Class B," and "Separated Fine Fractions (Recovered Soil Class C)," depending on their origin and nature ( Table 3) 17) . "Recovered Soil Class A" refers to the soils separated from the soil-dominant stockpiles, mostly tsunami deposits, while "Class B" and "Class C" are the finer fractions obtained from wastedominant stockpiles, after rough and secondary separations, respectively. This categorization considered the strategic utilization of the recovered soil materials.
(2) Basic properties of recovered soils
In Iwate Prefecture, the recovered soils were subjected to the tests on material properties, based on "Guideline for Utilization of Treated Wastes for the Recovery Works." These practical data collected from a total of seven treatment sites-Kuji, Miyako, Yamada, Otsuchi, Kamaishi, Ofunato, and Rikuzentakata districts, from north to south-were analyzed and summarized by Takai et al. and Katsumi et al. 19 ), 20) . Each site is located as shown in Fig. 8 . While tsunami deposits and disaster debris were generally treated with processes consisting of crushing and separating as indicated in Chapter 2, some distinctive treatments were additionally conducted in Kamaishi, Ofunato, and Rikuzentakata districts for further improvement. Table 4 summarizes the distinctive points of treatment at each . site. In Kamaishi and Ofunato districts, steel slag and crushed concrete, which were industrial by-products, were mixed with generated recovered materials, respectively, in anticipation of strength increase and further separation of soil fraction from debris. In Ofunato and Rikuzentakata, water separation method was used on some tsunami deposits and disaster debris to lower salinity. In Rikuzentakata, the treatment system was designed to utilize the recovered soils in agricultural applications. The total number of materials analyzed in Takai et al. 19) was 404, which can be categorized into five types indicated in Table 5 . "Others" includes soils through wet processing in Ofunato and Rikuzentakata, sand and clay fractions through wet cyclones in Ofunato, and tsunami deposit on farmlands in Rikuzentakata.
Particle densities are summarized in Fig. 9 . Regardless of types of recovered material, the mode value of particle density was around 2.7 g/cm 3 at Kuji, Miyako, Yamada, and Otsuchi where no additional processes were applied. The particle density of Recovered Soil Class B was relatively smaller than Table 4 Summary of distinctive treatment at each site 21) .
Site
Distinctive points about treatment Kamaishi -Steel slag was mixed with Recovered Soil Class A and Class B.
Ofunato -Crushed concrete was mixed with Recovered Soil Class B. -After some of the deposits and debris were treated by wet processing for desalting, sand and clay fractions were separately obtained by wet cyclones using difference in specific gravity. Then, lime was mixed for dehydration.
Rikuzentakata
-Recovered materials were mainly utilized in farmland. -Tsunami deposits on farmland were separately removed from affected areas. -After some of the deposits and debris were treated by wet processing, particle size of generated materials were adjusted by mixing with clean soil. . that of Recovered Soil Class A possibly due to larger amount of wood fraction. The fact that the distribution peak shifted to right from north to south indicates that original seabed sediments had locally different characteristics. In Kamaishi, while the particle density of the recovered soils without additional treatment ranged within 2.8 g/cm 3 similar to those of the four districts, the recovered soils improved by steel slag showed particle density over 2.90 g/cm 3 . This result is adequate considering that the steel slag with particle density of 3.3-3.6 g/cm 3 was added to recovered soils in a mass ratio of approximately 30%. In Ofunato where sand and clay fractions were separately obtained through wet cyclones, sand fraction was larger than clay fraction, which ranged from 2.4 to 2.6 g/cm 3 . Clay content was evaluated as shown in Fig. 10 to verify relationships with chemical properties. In the four districts where no additional processes were applied, recovered materials basically contained clay fraction of less than 20%, regardless of types of recovered material. In Kamaishi, fine particles seem to be removed or scattered during treatment because clay content of all materials was less than 10%; however, in fact, this result is attributed to large particle density mentioned above. Since steel slag is mainly composed of sandy fraction having heavy particles, mass content of fine fractions became relatively smaller compared to those in other districts. Correspondingly in Ofunato, as coarse crushed con- .
crete was added for improvement, clay content was relatively low below 10%. Clay materials that were separately obtained through wet cyclones in this district surely showed high clay content over 25% up to 52%. In Rikuzentakata, clay content was relatively high because sand and clay fractions were intentionally mixed for agricultural purposes. Soil classification based on JGS 0051-2009 is presented in Fig. 11 . Original soils are considered to vary site by site. Takai et al. presented the properties of 1400 tsunami deposit specimens obtained from farmland affected by tsunami, and found that most of samples show poorly graded particle size distribution curves 13) . In contrast, Fig. 7 showed that most recovered soils from any district are categorized into SF (sandy soil with fine fractions), which inplies that grain sizes are widely distributed. It is because several different types of soils have been mixed together at the primary and secondary storage sites. At Rikuzentakata, fine fractions are relatively high, but still lower than 50%, and consequently are also categorized as SF. Some of the specimens in Ofunato are categorized into GS (sandy gravel) or GF (gravel with fine fractions) because large-size concrete debris were mixed with the soils.
Frequency distributions of ignition loss are shown in Fig. 12. Here, ignition loss was tested according to JIS A 1226, which refers to the mass loss in a sample heated to 750°C. In the four districts where no additional treatment was done, the ignition loss of Re- .
covered Soil Class B was relatively higher than that of Recovered Soil Class A due to larger amount of wood fraction included, but most of the materials showed values lower than 10% regardless of types. In Kamaishi where steel slag was used, the ignition loss was apparently small compared to those in other districts due to the large particle density of samples because the mass of incombustible matters includes the mass of steel slag. In Ofunato, the values were widely varied. Many materials showed the ignition loss higher than 10% due to cement hydrates by crushed concrete as well as organic matters. The ignition loss values of clay fraction separately obtained through wet cyclones were larger than 15%, since hydrated water generated by the addition of lime for water content regulation greatly affected the values. These observations demonstrate that additive agents significantly affect the ignition loss of recovered materials. Although ignition loss is often referred as an index of organic matter content, which means purity of recovered materials in this case, a distinctive test method, e.g., heating at 330°C 14) as mentioned in the previous chapter, has to be established for adequate measurement of organic matter that remained in recovered materials. .
UTILIZATION OF RECOVERED SOILS IN RECOVERY WORKS
Almost two years have passed since the disaster (2013 spring), when various institutions, particularly in Iwate, Miyagi, and Fukushima Prefectures, started to eagerly discuss the balance of supply and demand of soils. Large amount of soils were required not only for traditional infrastructure works for the recovery, but also for constructing larger sea dykes against future tsunami, as well as for elevating lands as countermeasures against land subsidence triggered by the earthquake. In early 2013, the local governments estimated the demand for soils (58,000,000 m . Even though recovered soils obtained from disaster debris still existed, new soils were tried to be used in some recovery projects.
There was hesitation to promote the utilization of the soils recovered from the disaster debris, in particular from the waste-dominant stockpiles. Construction sectors of the local governments were rather conservative against the utilization of the soils obtained from the disaster wastes, because long-term properties were not well known. Since the government sectors assigned to manage the construction works were different from the sectors responsible for disaster waste management, utilization would not occur voluntarily, even if a manual or guidelines were established. The creation of incentives to use these soils was also important.
In Iwate Prefecture, the use of recovered soils was earlier promoted. The classification of recovered soils was considered to have served in promoting the utilization. As a result, most of the recovered soils were transported to the site to be used by the time of completion of disaster waste management (2014 March). Fig. 13 shows the applications of Recovered Soil Class A and B. Farmlands, seaside forests, park and green spaces accepted approximately 60% of Class A soils. These applications do not apply sufficient overburden pressures or loads on the soils. Major applications for Class B soils are residential area, road embankement, fill materials, etc. Details of these applications are mostly sports ground, temporary road embankment for reconstruction works, and other similar applications, where the permanent loads are not anticipated. Traditional road embankemnts and fill materials accepted the recovered soils in Ofunato, because addition of crushed concrete debris contributed to the improvement in grain size distribution and the increase in strength.
The recovery and reconstruction works have been done by the environmental, construction, and forestry sections of national, prefectural, and municipal governments, as well as by the private sector, including railway companies. There are not only recovered soils but also excavated soils, generated in large quantities to cut mountains to create new residential space. In some places, the new soil materials have been used due to the scarcity of natural materials. Awareness of the necessity of integrated management of the soil materials beyond these sections started in the related institutions.
The Japanese Geotechnical Society (JGS) established the Technical Committee on Recovered Geo-Materials (chaired by the first author) in 2013 with support from the National Institute for Environmental Studies and the Mud Recycling Association, to present a recommendation entitled "Use of Recovered Geo-Materials for the Disaster Recovery," to tie up with different institutions and sections for promoting the effective use of soils, either recovered, excavated, or new (Fig. 14) . This recommendation consists of (1) backgrounds, (2) basic concepts, and (3) necessary actions 21) . The original version is freely available from the web page of JGS. Besides, Katsumi et al. 6) and Katsumi 22) provide the English-translated version.
Recovered Soil Class B Fig. 13 Applications of recovered soils in Iwate Prefecture 19) . 23) . This guideline has been referred in many occasions not only for disaster recovery but also for the utilization of traditional excavated soils with natural contamination and management of soils contaminated with nuclides. For example, it has been cited in the documents prepared by the Ministry of the Environment regarding waste management in anticipated future catastrophic earthquake 1) . The experiences obtained and lessons learned through this recovery process are strongly expected to be utilized for future disaster recovery. 
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